Excitation in the outer loop is adjusted to obtain a minimum detected signal at the centered probe. This can be done quite accurately and defines antisymmetric excitation for the antennas (az = -aJ. Antenna #2 is then shorted at the ground plane resulting in (bl/aJ= -1, and the phase bridge is balanced to produce a null at the detector. This balance occurs when b,= -uZ = al and establishes a phase reference between the incident wave in arm #1 and the reflected wave in arm #2 as sampled by the directional couplers in these arms. Since the directivity of the directional coupler in arm #2 is greater than 40 dB, this setting can be made to an accuracy of about A 0.6 degrees.
Antenna #2 is then used as a parasitic element with a matched load by removing its excitation. This is accomplished by using the shorting switch in arm #2 and inserting maximum attenuation with the attenuator of arm #2. It is important to use a ferrite isolator before the shorting switch and to use a magic tee to divide the power between arms #1 and #2, because this isolates arm #1 (the calibrated phase reference) from the large reflrxtions in arm #2 when the switch is thrown. The null in the phase bridge, which had previously been defined by the reflected wave bj = al in arm #2, has now moved to a new position defined by the wave bj =S,,al.
The shift in null position is a function of the phase angle of S12 and can be measured by varying the precision phase shifter to bring the null back to the detector position.
When the coupling is very small (S, Z<<l), the attenuator in the bridge circuit must be adjusted to make the null easily observable. The adjustment of this attenuator is the most important source of error in the system, but it is not a serious limitation because it is easy to obtain commercial attenuators of the rotary vane type which have less than A 3 degrees of phase shift variation for up to 50 dB of attenuation. When the coupling is greater than -20 dB, even this minor source of error can be avoided by amplitude insensitive phase bridge techniques as discussed by Bnrton[sl or Scharfman. 161The variable attenuator was used throughout these measurements because the coupling was typically -20 dB to -40 dB. The resulting phase shift is read directly from the precision phase shifter and is equal to the phase of S12. This technique does not require taking any differences between measurements and so, in principle, can measure the phase angle independently of the amplitude of S12. There is a+ 360°ambiguity due to the periodicity in the phase bridge, but this is not a serious problem. The composite system error appears to be about t 4 degrees for as little as -50 dB coupling between the two antennas.
This measurement is basically more involved than any of the available techniques for mutual coupling measurement, but it is also the only method whose accuracy is, in principle, independent of the amplitude of the coupling, For this reason, it appears to be the most simply implemented and most accurate technique for measuring the mutual coupling between very loosely coupled antennas. It is the purpose of this correspondence to discuss the change in RF surface resistance due to decreasing temperature. It also provides pertinent information and procedure for computation of the RF surface resistance of several relatively pure metals at low temperatures.
The dc resistivity of a relatively pure metal is expressed as a sum of a temperature independent term pi, resulting from impurity scattering within the basic metal, and a temperature dependent term pt, characteristic of the pure metalIIJ P= P;+ Pt.
(1)
Graphs of the resistivities of some relatively pure metals as a function of temperature are given in Figs. 1 and 2. It can be seen that the temperature dependent term p: goes to zero at some low temperature, and p reaches its residual value of pi.
At ordinary temperatures and microwave frequencies, the propagation of electromagnetic waves along metal conductors is adequately described by classical theory based on Maxwell's equations and Ohm's law. This is no longer true at low temperatures; although Maxwell's equations are valid, Ohm's law is inadequate. According to classical theory, the surface resistance of a conductor is given as [z] R, =~Tf~P (2) where f is the frequency, p is the permittivity, and p is the conductor resistivity. AS the temperature is lowered, the classical theory predicts that R, will decrease proportional to plfz. However, this has been found to be true only for temperatures down to approximately 80 to 100°K. The departure from this dependence which occurs at lower temperatures is called the anomalous skin effect. The first evidence of its existence was obtained from experiments by London, [31who correetly suggezted that it was due to the electronic mean free path becoming large compared to the classical skin depth.
The anomalous skin effect theory was formulated by Reuter and Sondheimer. 141It is based on a free electron gas model of a metal whose behavior is determined by a characteristic parameter~.
The surface impedance of a metal is given
where E(z) is the field distribution in the metal and E'(z) is its derivative. Solutions for the surface impedance have been obtained by numerical integration for two cases: p=O, which corresponds to complete diffuse reflection, and p= 1, which is for complete specular reflection. The experimental data for metals thus far, except for bismuth, seem to verify the condition of p= O, diffuse reflection. [d Since metals of normal interest fall under the condition of p = O, it is the only case considered in this correspondence.
A graph of the numerical solution of (3) for p= O is given in Fig. 3 .[s1 The ordinate is .RJR8, where R, k the surface resistance, and R-is the limiting value of surface resistance which is asymptotically approached at low temperatures. This limiting value of surface resistance is given bybl 'm=(%) 1'3(3"3 ") where 1 is the electronic mean free path, o is the conductivity, and~is the applied frequency. Table I gives a tabulation of R* as a function of frequency for most useful metals.
The abscissa of Fig. 3 is the characteristic parameter cN, which has been defined as[d a'"=P(+)'"iiir '5' where 6 is the skin depth and p is the resistivity. Also given in Table I is a tabulation of lls as a function of frequency and rfX.iSdVhY for several metals of interest.
The surface resistance of a specific metal for which data are given in this correspondence may be computed by the following procedure.
1) Choose the type of metal, temperature, and frequency for which the surface resistance is to be determined. 3) Using Table I and data from above steps, compute R. and cW.
4) From Fig. 3 determine R./R. and compute R,.
The above procedure was used to compute the surface resistance of tin at 1.2 GHz. Fig. 4 shows the comparison of this computed curve and that measured by Pippard.[~1 In using the information included in this correspondence, one should be aware that a particular metal's resistivity and, consequently, the surface resistance are influenced by its purity, strains, and surface finish. The curves given in Figs. 1 and 2 and the values of f/u used in preparing Table I 
